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Noninvasive determination of venomuscular
efficiency
A. Fronek, MD, PhD,a,b and I. Vanderweijer, BSc,a La Jolla, Calif
Purpose: The purpose of this study was to express quantitatively and noninvasively the efficiency of the venomuscular
pump by using photoplethysmography (PPG).
Method and patients: PPG was used to record volume changes induced by dorsiflexion resulting in exercise displacement
volume (EDV) and subsequently by passive limb elevation resulting in tilt displacement volume (TDV). Dividing EDV
by TDV yields efficiency of the venomuscular pump. Twenty-four control subjects, 21 patients with venous valvular
insufficiency (VVI), and 10 additional patients with both VVI and deep venous thrombosis (DVT) were studied. Data for
one leg in each subject are reported. Though calculation of efficiency does not require calibrated or quantitative PPG, in
this case because we used calibrated PPG we recorded the respective values for EDV after dorsiflexion and TDV after
passive leg elevation.
Results: EDV decreased from a normal value of 3.15% optical reflectance (% OR) to 1.68% OR in patients with VVI and
1.09% OR in patients with VVI plus DVT. TDV response was quite opposite, increasing from 6.55% OR in the control
group to 10.30% OR in the VVI group and 16.66% OR in the VVI plus DVT group. Finally, efficiency decreased from
the average normal value of 50.5% to 24.4% in the VVI group and 8.8% in the VVI plus DVT group.
Conclusion: Dividing EDV by TDV, venomuscular efficiency can be determined and may be considered a useful index of
venous hemodynamics. (J Vasc Surg 2003;37:839-41.)
Although ultrasonographic (US) duplex scanning is
recognized as the method of choice for diagnosis of venous
disease, a need still remains for a fast screening test that can
rule out or confirm the presence of a hemodynamically
significant venous disease and that does not tie up expensive
ultrasonic equipment and highly skilled technologists. This
goal is fulfilled to some extent by the dorsiflexion exercise
test performed with, for example, photoplethysmography
(PPG). The resulting recovery time is accepted as a sensitive
index of venous valvular insufficiency.1-4
This test, however, does not offer information regard-
ing the efficiency of the venomuscular system, which may
be an important parameter reflecting severity of disease. We
describe a test to evaluate efficiency of the venomuscular
pump with use of PPG.
METHOD
A modified IMEX-Nicolet 3000 (Golden, Colo) PPG
was used in conjunction with a strip-chart recorder permit-
ting lower paper speed (1 mm/s). Briefly summarized,
calibration is achieved with a defined decrease or increase of
5% in light intensity of the light-emitting diode incorpo-
rated in the PPG probe.5 A tilt displacement volume
(TDV) test is performed first. The PPG probe is placed 8
cm above the medial ankle, and the subject sits in a com-
fortable reclining chair with the knee joints angled at ap-
proximately 120 degrees. The subject’s legs are quickly
raised to heart level, and after steady state is reached the legs
are quickly brought back to the original position (Figure).
This is followed by a standardized dorsiflexion exercise test,
at a rate of 1/s, performed again with the subject in a sitting
position, resulting in exercise displacement volume (EDV).
The efficiency  of the venomuscular activity is calculated
with the equation,   EDV/TDV  100.
Altogether, 24 healthy control subjects were examined,
and the results were compared with those obtained from 21
patients with venous valvular insufficiency (VVI) confirmed
at Duplex ultrasonographic scanning. Average age of the
control group was 41 years, compared with 52 years in the
patient group. The control group comprised 14 men and
10 women; the patient group was composed of only men
(VA patients). CEAP classification was as follows: for VVI, 12
C2SEPA2,3PR, 5 C3SEPA13,14PR, 4 C3SEPA14,15PR; for VVI
plus deep venous thrombosis (DVT), 10 C4,5ESA13,14PR,0.
The veins examined included the common femoral and
superficial femoral veins, saphenofemoral junction, long
and short saphenous veins, popliteal vein, saphenopopliteal
junction, and posterior tibial vein. A 3-second cuff inflation
at 100 mm Hg was performed with a Hokanson cuff
inflator. The cuff was used in three different positions:
mid-thigh, mid-calf, and foot. Reflux for 0.5 minutes or
longer was considered positive. In addition, 10 patients
with VVI plus DVT were examined. The diagnosis of DVT
was based on US evaluation of compressibility and Doppler
scanning velocity signals in the examined veins.6 The results
for one leg of each subject were entered in the analysis.
Average reproducibility, obtained from four subjects re-
peated six times at approximately the same time of the day,
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was 15.1%. The study was approved by the University of
California, San Diego and VA Hospital Human Research
Committee.
RESULTS
Table I presents the 90% recovery time obtained from
the exercise and tilt displacement tests. In the control
group, EDV mean recovery time was 29.80 seconds (SE
2.81), and tilt displacement recovery time was 47.92 sec-
onds (4.89). In the VVI group recovery times were 7.7
Recording of exercise and tilt displacement.
Table I. Recovery time 90%
Tilt displacement volume (s) Exercise displacement volume (s)
Mean SE Mean SE
Healthy control subjects 47.9 2 4.8 29.80 1 2.81
 1  1
VVI 11.14 8  2.38 7.71
2
1  0.71
N.S. 2  2
VVI  DVT 13.06 1 3.10 5.31 2 0.59
VVI, Venous valvular insufficiency; DVT, deep venous thrombosis; N.S., not significant.
, P  .005; , P  .001.
Table II. Displacement volume
Tilt displacement volume Exercise displacement volume
Mean SE Mean SE
Healthy control subjects 6.55 1 0.55 3.15 1 0.22
 1  1
VVI 10.3
2
1  0.56 1.68
2
1  0.22
 2  2
VVI  DVT 16.66 2 3.15 1.09 2 0.15
VVI, Venous valvular insufficiency; DVT, deep venous thrombosis.
, P  .02; , P  .001.
Table III. Efficiency (%)
Mean SE






VVI  DVT 8.8 2 2.1
VVI, Venous valvular insufficiency; DVT, deep venous thrombosis.
, P  .001; , P  .0001.
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seconds (0.71) and 11.14 seconds (2.38), respectively.
In the VVI plus DVT group recovery times were 5.31
seconds (0.59) and 13.06 seconds (3.10), respectively,
for EDV and TDV.
Although calculation of efficiency does not require
calibrated or quantitative EDV or TDV, the results are
presented in Table II. In the control group EDV decreased
from 3.15% optical reflectance (OR) (0.22) to 1.68% OR
(0.22) in the VVI group and 1.09% OR (0.15) in the
VVI plus DVT group. Values are expressed in percent of
optical reflectance (%OR), as described.5 The TDV re-
sponse was quite opposite, increasing from an initial 6.55%
OR (0.55) in the control group to 10.3% OR (0.56) in
the VVI group and 16.66% OR (3.15) in the VVI plus
TDV group. Table III presents the efficiency values in all
three groups: 50.5% (2.60) in the control group, 24.4%
(4.4) in the VVI group, and 8.8% (2.1) in the VVI plus
DVT group. The five diagnostic criteria evaluated included
EDV recovery time (20 seconds), TDV recovery time (30
seconds), EDV (25% OR), TDV (8% OR), and efficiency
(35%) values obtained on the basis of respective receiver
operating characteristic curves, we analyzed specificity, sensi-
tivity, positive and negative predictive values, and accuracy.
Table IV summarizes the results, indicating that deter-
mination of efficiency offers useful results, especially with
regard to specificity and positive predictive value.
DISCUSSION
Although PPG changes reflect blood volume changes
in the subcutaneous microvasculature, various dynamic
tests, eg, exercise test, correlate generally with tests using
classic PPG methods.7
Calculation of efficiency does not require calibrated or
quantitative PPG because EDV and TDV are obtained
under identical conditions (eg, same sensitivity) and effi-
ciency represents a ratio of these two parameters.
Christopoulos et al8 described a residual volume frac-
tion obtained by dividing one-step volume displacement by
“functional venous volume” obtained by changing the
subject’s position from horizontal to upright. As described
in “Method,” in this report the position of the legs was
changed from sitting to heart level (TDV), whereas EDV
was read at the end of 10 dorsiflexions. The ratio of these
two values represents the efficiency of the venomuscular
pump (  EDV/TDV). Efficiency therefore decreases
with decreasing exercise displacement or with increasing
resting venous volume expressed by the tilt displacement
test.
Recovery time is a practical index of venous valvular
insufficiency, but the combination with tilt displacement
may enable a more comprehensive and at the same time
simple evaluation of overall venous hemodynamics.
It is interesting that whereas EDV declines with VVI,
and even further with VVI plus DVT, TDV increases under
these conditions. This reflects incomplete emptying of the
leg, resulting in increased resting volume.
All of this is then expressed by efficiency declining
steadily with degree of disease. It can be expected that the
described efficiency test may also become an index of im-
proved venous hemodynamics after successful treatment.
SUMMARY AND CONCLUSION
By dividing EDV by TDV, efficiency of the venomus-
cular pump can be determined. Mean efficiency in the control
group was 50.5% 2.60 (SE), and decreased to 24.4% 4.4
in the VVI group and to 8.8%  2.1 in the VVT plus DVT
group. Efficiency decreased significantly in legs with VVI, and
decreased even more in legs with VVI plus DVT.
Determination of venomuscular pump efficiency may
be a fast screening test to gauge severity of venous disease.
The very effective help of Mr. R. Kim, BSc, is acknowl-
edged.
REFERENCES
1. Abramowitz HB, Queral LA, Flinn WR, Nora PR Jr, Peterson LK,
Bergan JJ, et al. The use of photoplethysmography in the assessment of
venous insufficiency: A comparison to venous pressure measurements.
Surgery 1979;86:434-41.
2. Blazek V. Ein optoelektronisches Messverfahren zur farbvalenzm-
etrischen Bewertung der menschlichen Haut [dissertation]. Aachen,
Germany: RWTH; 1979.
3. Shepard AD, Mackey WC, O’Donnel FF Jr, Heggerick PA. Light
reflection rheography (LRR): A new non-invasive test of venous func-
tion. Bruit 1984;8:266-70.
4. Rutgers PH, Kitslaar PJ, Ermers EJM. Photoplethysmography in the
diagnosis of superficial venous valvular incompetence. Br J Surg 1993;
80:551-3.
5. Fronek A, Minn Ch, Kim R. Venous outflow and inflow resistance in
health and venous disease. J Vasc Surg 2000;31:472-6.
6. Talbot SR. B-mode evaluation of peripheral arteries and veins. In
Zwiebel WJ. Introduction to vascular ultrasonography. New York:
Grune & Stratton; 1986. p 351.
7. Fronek A. Noninvasive diagnostics in vascular disease. New York:
McGraw-Hill; 1989. p 22-7.
8. Christopoulos D, Nicolaides AN, Szendro G, Irvine AT, Bull ML,
Eastcott HHG. Air plethysmography and the effect of elastic compres-
sion on venous hemodynamics of the leg. J Vasc Surg 1987;5:148-59.
Submitted Mar 14, 2002; accepted Aug 13, 2002.
Table IV. Specificity, sensitivity, positive predictive value, negative predictive value and accuracy
Specificity (%) Sensitivity (%) Positive predictive value (%) Negative predictive value (%) Accuracy (%)
Recovery time, 20 s EDV 84 85 85 84 85
Recovery time, 30 s TDV 94 84 84 94 89
EDV 25% OR 82 82 90 78 78
TDV 8% OR 83 75 89 67 78
Efficiency 35% 98 83 98 95 81
EDV, Exercise displacement volume; TDV, tilt displacement volume; OR, optical reflectance.
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